Wind energy is one of the most cost-effective forms of renewable energy source with significant increment in yearly installed capacities all around the world. In this study, three commercial wind turbines, namely POLARIS P15-50, POLA-RIS P50-500 and VESTAS V110-2.0, were chosen as large-scale wind energy conversion systems (WECSs) for technical assessment of electric power generation in eight selected locations spreading across the Tigray region of Ethiopia. The economic evaluations of these three WECSs for electric power generation in the selected locations were estimated using present value of cost (PVC) method. These results showed that the highest capacity factor is obtained as 7.873 % using VESTAS V110-2.0 at Mekele, while the lowest as 0.002 % using POLARIS P15-50 at Shire. Average minimum cost per kWh obtained at Mekele was 0.0011$/kWh using VESTAS V110-2.0, while the highest average cost was 7.3148$/kWh using POLARIS P15-50 at Shire. Furthermore, it can be suggested that Atsbi, Chercher, Mekele and Senkata were most profitable for electrical and mechanical applications than hydropower cost in the country.
Background
Wind is an inexhaustible and most accepted energy resource, which does not cause any pollution in electricity production (Ucar and Balo 2009) . During past two decades, global wind energy has been experiencing a rapid intensification among the available renewable energy resources (Murat and Mustafa Seedar 2009) . In developing nations, renewable energy sources have been gaining prominence with increasing efficiency of renewable energy technologies and the associated decrement in production costs. However, among these energy resources, wind energy is fetching the world's fastest growing renewable energy source; its worldwide acceptance as a spotless source of energy can be attributed to several policies made to promote renewable energy sources, security of supply, biodiversity concerns, ecological awareness and other socioeconomic factors (Akdag and Guler 2010) .
In recent days, demand for energy production in Ethiopia has increased rapidly due to escalating population and industrialization. However, it is well endowed with abundant energy resources such as hydropower, solar, wind, biomass, natural gas and geothermal to develop, transform and utilize these resources for optimal economic development. Exploitable energy resources of Ethiopia are given in Lack of organized data on wind energy potential of the country covering entire regions has been one of the reasons for restricted applications in Ethiopia. But in recent days, wind energy resources were identified in several regions. The government has committed itself to generate power from wind energy plants by constructing eight wind farms over the 5-year Growth and Transformation Plan (GTP) period between and 2015 [Growth and Transformation Plan (GTP) 2010 . In terms of Gross Domestic Product (GDP) per capita, Ethiopia is 174th place of 179, and in terms of Human Development Index (HDI), it is placed 169th of 177 (Breyer et al. 2009 ). Among the 85 % of Ethiopian population living in rural areas, only 16 % have total access to electricity. The consumption of electricity in urban areas is less than 50 kWh per year, while rural areas are negligible about 2 % (Hadagu 2006; Dalelo 2003) .
There are quite a lot of investigations concentrated on evaluation of wind characteristics and feasibility analysis of various wind projects in the whole world (Acker et al. 2007; Rehman et al. 2007; Shata and Hanitsch 2006; Genç and Gökçek 2009; Bagiorgas et al. 2007 ). The first national-level study on wind energy potential assessment was done by Italian company CESEN-ANSALDO group in mid-1980's in Ethiopia. However, this estimation was based on theoretical analysis with inadequate ground data measurements. The estimation by CESEN categorized three broad wind regions with an increasing gradient in wind speed from west to east with maximum concentration near Djibouti border on the Red Sea Coast (CESEN-ANSALDO 1986 ). The second nationallevel study of wind energy resource in the country was conducted in 2007 by Solar and Wind Energy Resource Assessment (SWERA) (Ethiopian Rural Energy Development and Promotion Center 2007). This program was sponsored jointly by the United Nations Environmental Program (UNEP) and Global Environment Facility (GEF). The long-term wind speed measurements at a given location provide fundamental information for an assessment of wind power availability and the economic viability of Wind Energy Conversion Systems (WECSs) for its technical design. A Geographical Information System (GIS) map was generated using SWERA wind resource data to indicate the annual mean wind power density of any particular location in Ethiopia.
Wind energy resources in Ethiopia without excluding protected areas are shown in Fig. 1 [Ethiopian Resource Group (ERG) 2009 ]. This geographical distribution of wind diagram also helps us to promote the locations with poor-to-excellent wind resources in the country. The classification of wind resources and extent of associated land areas as given by SWERA are presented in Table 2 . As recommended, further ground measurements are necessary to verify the estimation when planning and deployment of wind turbines are concerned to a particular site. The wind regions of the country are classified into seven broad categories and land areas; under each category, it is calculated and presented at regional level indicating suitable areas for various purposes of wind energy development. However, it can be clearly observed from Fig. 1 that, the annual mean power densities are falling under class 1 (poor); an attempt has been made to investigate the wind energy resource assessment in eight selected locations of Tigray region in Ethiopia (See Fig. 2 ).
It is fact that very limited potentials of different renewable energy resources across all the regions of Ethiopia have been studied (Shiva Prashanth and Satyanarayana 2015; Mulugeta et al. 2013; Getachew and Getnet 2012) . However, research work covering only few sites in Ethiopia has been carried out on the economic viability of electricity generation by wind resources (Bekele and Palm 2009) . Hence, the need for thorough economic assessment of wind power generation in Ethiopia is necessary as the investor's hope and expect solely on the long-term security of income from the wind energy investments.
The first part of this study covers a brief review of wind resource assessment in the selected locations; the second part focuses on the analysis of electricity generation through the respective power and energy output of the turbines together with the capacity factors, while the third part is concentrated on economic analysis of the selected sites using method of Present Value of Cost (PVC).
Mathematical model
The feasibility of wind energy resource at any site can be characterized by various mathematical approaches. In the current study, Weibull distribution function has been used as a mathematical tool to assess wind power potential, which is presented and discussed in the following sections.
Wind energy potential
A 12-year (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) (2011) (2012) (2013) (2014) monthly wind speed data were obtained from National Meteorological Agency (NMA), Mekele, for the selected sites: Adigrat, Adwa, Atsbi, Chercher, Maychew, Mekele, Senkata and Shire. Geographical coordinates of the eight selected stations, where wind speed data were captured at 10 m height by a cup-generator anemometer are given in Table 3 . A well-recognized paramount two-parameter Weibull probability distribution function is adopted in this investigation for wind speed breakdown, because it gives an enhanced fit for the measured monthly probability density distribution than other statistical functions Elliott et al. 1987; Akpinar and Akpinar 2005) . The probability distribution function can be expressed as:
where k and c are the Weibull shape and scale parameters, respectively. The integration of Weibull probability density function is known as cumulative distribution function and can be expressed as: In general, Weibull parameters can be derived from the following methods such as Weibull probability plotting paper, standard deviation method (STDM), method of moments (MOM), least square regression method (LSRM), maximum likelihood method (MLM) and energy pattern factor method (EPFM). Owing to an intrinsic worth over the other commonly used methods, EPFM was used in this study (Akdag and Dinler 2009) . Energy pattern factor (EPF) can be expressed as the mean of sum of cubes of all individual wind speeds considered in a sample divided by the cube of mean wind speed of the sample (Centre for Wind Energy Technology 2011) given as:
where v i is the wind speed in meters per second for ith observation, n is the number of wind speed samples considered, and v is the monthly mean wind speed in meter per second. The monthly Wind Power Density (WPD) is given as:
The monthly mean air density, ρ, is at turbine hub height in kilogram per cubic meter. Substituting Eq. 3 in Eq. 4, EPF can be expressed as:
Shape parameter can be calculated using EPF, which is expressed as (Akdag and Guler 2010; Rocha et al. 2012) : Instead, scale factor can also be obtained mathematically as (Balouktsis et al. 2002) :
Fig. 2 Map of Ethiopia showing the data collected stations in Tigray region of Ethiopia
Results of the annual wind speed characteristics of selected locations are presented in 2 at Shire, respectively. The Weibull shape parameter k ranges from 2.88 at Adwa to 4.24 at Atsbi, while the scale factor, c ranges from 1.16 m/s at Shire to 3.86 m/s at Mekele. However, based on SWERA wind resource classification scheme, it can be concluded that wind resources in all selected locations are falling into class 1 (poor). It can further be suggested that installation of taller wind turbines can contribute for wind power development in this region. Thus, all the locations can be considered as suitable for different wind energy applications (such as grid-connected electricity and stand-alone water pumping).
Extrapolation of wind speeds at different turbine hub heights
Wind speeds used in this study were captured at 10 m height from the ground surface level. However, it is distinguished that the wind speed at hub height is of interest for wind power application. Therefore, the available wind speeds are extrapolated to the turbine hub heights. The following power law expression is given as (Akpinar and Akpinar 2005) :
where v is the wind speed at height h; v o is the wind speed at original height h; and α is the surface roughness coefficient and lies in the range 0.05-0.5, but in most of the cases '∝' is assumed to be 0.143 (or 1/7). It can be determined as (Ucar and Balo 2009): Moreover, the Weibull probability density function can be used to obtain the extrapolated values of wind speeds at different hub heights. The boundary layer development and the effect of ground are nonlinear with respect to Weibull parameters k and c. It can be expressed as (Justus et al. 1978): where k o and c o are the shape and scale parameters at measured height h o and the hub height h. The exponent z is given in Ohunakin et al. (2011) as:
Evaluation of power output for WECS
A wind turbine is composed of an electric generator mounted on a suitable tower, a wind turbine controller, a battery bank, inverter and balance system. Considering such a compiled system, annual energy production of a selected site can be calculated using wind speed data belonging to that site and power curves related to wind turbines (Burton et al. 2001; Chang and Tu 2007) . In general, WECS can operate its maximum efficiency only if it is designed for a particular site, because of rated power, and cut-in and cut-off wind speeds must be defined based on the site wind characteristics. One of the important performance parameters of wind turbines is the capacity factor (C f ), which represents the fraction of average power output (P e,avg ) over a period to the rated electrical power (P eR ) (Akpinar and Akpinar 2005) . The P e,avg and C f of a wind turbine can be calculated using Eqs. (15) and (16) where Q c , Q r and Q f are the cut-in wind speed, rated wind speed and cut-off wind speeds, respectively, whereas P e,avg determines the total energy production and total income. For an investment, wind power should be costeffective and it is suggested to have the capacity factor greater than 0.25 (Mathew 2006) .
Analysis of wind energy cost
Feasibility of a wind energy production plants depends on its ability to generate energy at a low operating cost (Genç and Gökçek 2009 ). According to Redlinger et al. (2006) , the main parameters governing the economics of wind power include an investment cost (including auxiliary costs for foundation and grid connection), operation and maintenance cost, electricity production, turbine lifetime and discount rate. These factors may vary from country to country and region to region. However, among all the parameters listed, the electricity production using WECS and their investment costs are the most important factors. Apart from the cost of the wind turbine, which is set by the manufacturers, the specific cost of a wind turbine varies from one manufacturer to another manufacturer. The specific cost of a wind turbine can be taken by considering band interval (minimum and maximum values) as presented in Table 5 ( Adaramola et al. 2011) .
The economics of WECS principally depends on the operator-specific boundary conditions. A simplified approach to calculate the cost of electricity per kWh includes investment cost, operation and maintenance cost and capital cost. The investment cost of a wind turbine includes basic cost, extras, foundation, grid (15)
connection, planning and licensing. The operation and maintenance cost includes repair, insurance, monitoring and management, while the capital cost consists of interest and repayment of loan.
Numerous approaches have already been employed in the literature for evaluation of wind energy cost. In fact, the PVC method is adopted in this work because it considers the dynamic development of the relevant economic factors and different occurrences of costs and income are taken into account regardless of whether the money has been or will be paid or received in the past or in the future through deduction of accrued interest (discounting) of all payment flows to a common reference time (Hau 2006) .
According to Shata and Hanitsch (2006) , the PVC is expressed as:
where I is the investment cost, C omr is the operation, maintenance and repair cost, i is the inflation rate, r is the interest rate, t is the lifetime of the machine (in years) and S is the scrap value.
The following assumptions are usually considered (Shata and Hanitsch 2006; Habali et al. 1987; Sarkar and Hussain 1991) :
The investment cost (I) includes the wind turbine's price plus the cost of civil work and connecting cables to the grid (20 % of the basic cost).
Operation, maintenance and repair cost (C omr ) was considered to be 25 % of the annual cost of wind turbine (machine price/lifetime) and must be escalated with the general inflation rate. (18) 
Results and discussion
The electrical power output of WECS and the cost analysis of electricity production using PVC approach in the chosen locations are presented and discussed briefly in the following sections.
Electrical power output of the WECS
The characteristics of three selected commercial wind turbines (POLARIS P15-50, POLARIS P50-500 and VES-TAS V110-2.0 each with rated power (P r ) 50, 500 and 2000 kW) are presented in Table 6 . The factors influencing energy produced by WECS at any given site during the related time period are power response of the WECS to different wind velocities, wind regimes and wind speed distributions (Genç and Gökçek 2009) . In this study, the annual average wind power and wind energy output together with the capacity factors are computed using Eqs. (15)- (17), which are furnished in Table 6 . The extrapolated values of Weibull parameters k and c at respective turbine hub heights of 30, 50 and 80 m are presented in Table 7 . These are computed to assess the performance of selected wind turbines for the chosen locations. Figure 3 presents the annual mean wind speeds at different hub heights for all the chosen locations. At 80 m hub height, the annual mean wind speeds for Adigrat, Adwa, Atsbi, Chercher, Maychew, Mekele, Senkata and Shire are 2.00, 1.88, 4.38, 4.32, 2.35, 5.91, 3.70 and 1.76 m/s, respectively.
It can be observed that the accumulated power output ranges from 0.033 kW/year at Shire using POLARIS P15-50 to 487.766 kW/year at Mekele using VESTAS V110-2.0, respectively. Next to Mekele, Atsbi and Chercher can be expected to have higher amount of power outputs using VESTAS V110-2.0 (Table 8) . This may be evidently attributed to the high turbine hub height and rated power, which is higher than that of other selected wind turbine models.
The annual energy output of a wind turbine can also be expressed by considering the C f of WECS in a chosen location. In general, the value of C f can be affected by the intermittent nature of wind, machine availability and turbine efficiency. In practice, usually it ranges between 20 and 70 %. From Table 8 , the highest capacity factor is obtained as 7.873 % using VESTAS V110-2.0 at Mekele, while the lowest as 0.002 % using POLARIS P15-50 at Shire. Among the selected locations, Shire has least amount of power output using all selected wind turbine models. The two sites (i.e., Shire and Mekele) have the lowest and highest annual power and energy outputs, respectively, using the three selected wind turbines. In addition, VESTAS V110-2.0 wind turbine model produces the largest energy for all the selected locations and is considered to be best among the three turbines for energy productions. Moreover, annual energy output as indicated in Fig. 4 showed that energy yield is reliant on the availability and strength of the wind speed at a given site and the WECS used. Hence, Mekele exhibited the best site in all the selected locations in this study.
Present value of cost (PVC) of electricity
WECS can be classified into four broad sizes such as micro (0-1.5 kW), small (1.5-20 kW), medium (20-200 kW) and large (>200 kW) depending on the rated power (Ministry of Natural Resources, Canada, 1997 Canada, -2004 . The systems considered in this study are medium to large in size. The cost of any WECS can be expressed in terms of cost per kW. The specific cost of system based on the rated power was taken from Adaramola et al. (2011) , as given in Table 5 . Table 9 shows the cost of unit energy per kWh based on the PVC method of analysis computed using Eq. 18 for the three selected wind turbines in the chosen locations. The least value of electricity production cost is obtained at Mekele as 0.0011$/kWh with the minimum cost of wind turbine, while maximum cost is observed at Shire as 7.3148$/kWh using VESTAS V110-2.0 and POLARIS P50-500 wind turbine models, respectively. Furthermore, the highest costs of unit energy per kWh using the maximum specific cost of wind turbine (Table 5) are obtained using VESTAS V110-2.0 turbine as $0.2002, 0.1245, 0.0087, 0.0058, 0.1008, 0.0015, 0.0092 and 0.8824/kWh at Adigrat, Adwa, Atsbi, Chercher, Maychew, Mekele, Senkata and Shire, respectively. Moreover, it can be recognized that Mekele has moderately considerable wind energy resource among the selected locations and is least considered in place like Atsbi and Chercher. However, Mekele can be considered as economically viable site with respect to average PVC values for any of the adopted wind turbine models. According to Ethiopian Electric Power Corporation (EEPCo), the tariffs for average cost per kWh domestic usage of electricity as on October 21, 
Conclusions
In recent years, utilization of renewable energy resources using WECSs for electricity generation has become more prevalent around the globe. However, in the literature, very few studies have concentrated on economic and energetic investigation of these systems, especially in Ethiopia. From the foregoing, the following conclusions are drawn:
• 
